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ABSTRACT
The objective of this research was to detennine the feasibility of utilizing
industrial co-product materials in environmental applications. The focus was on removal
of heavy metals (cadmium, chromium, copper, iron, lead, magnesium, manganese and
zinc) from groundwater using paper clay and fly ash as reactive barrier materials.
Sequential batch tests conducted on the paper clay and fly ash were used to plot
isotherm curves from which the partitioning coefficient can be determined. The
partitioning coefficient provides an estimate of adsorption capacity with respect to
contaminant concentration.
Results indicate that there is the potential to use these sorbent materials in
environmental applications. Overall, the fly ash had a higher sorption capacity than the
paper clay. Fly ash had the greatest affinity for the copper and zinc ions, whereas, the
paper clay best removed the copper and cadmium from the solution.
The research indicates the potential to use industrial co-product materials In
future environmental applications. However, further investigation is necessary on the
limitations of each material to remove a targeted contaminant.
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CHAPTERl
INTRODUCTION
Water is the most basic need of man. What was once considered a pure resource
is now threatened by those most dependent on it for survival. Over the past 50 years,
there has been a more than SOD-fold increase in the production ofhazardous waste, which
has threatened man's water resource. Initially, groundwater was believed to be protected
from contaminants by the layers between the surface of the earth and the water table,
however, the increasing industrialization of society has proven this assumption untrue.
Because 53% of the population depends on groundwater as a drinking water source, man
is now forced to look for new ways to manage waste and minimize environmental impact
(US. EPA, 2001; NRC, 1997).
In the mid-1970s, in response to human health issues that gained public attention,
Congress enacted a series of laws designed to make groundwater contamination a high
priority national issue. Among the most important laws were the Safe Drinking Water
Act (SDWA) of 1974, the Resource Conservation and Recycling Act (RCRA) of 1976
and Comprehensive Environmental Response, Compensation, and Liability Act
(CERCLA) of 1980. While all have been amended to meet the changes of an evolving
nation, their basic principles and goals have remained essentially the same.
The goals of CERCLA and RCRA are to establish proper management practices
ofhazardous materials and to prevent subsequent groundwater contamination. CERCLA,
more commonly known as Superfund, focuses on remedial action and liability at
2
abandoned or inactive waste sites. RCRA concentrates on improving conditions at active
sites through conservation of resources, waste recycling, and safe generation,
transportation and disposal of hazardous waste.
The Safe Drinking Water Act protects the public from those contaminants that
will inevitably taint the groundwater system. Under SDWA, the Environmental
Protection Agency (EPA) establishes primary and secondary drinking water standards for
water consumption. Primary standards set a toxicity limit against harmful health effects,
while secondary standards set an acceptable threshold for taste and odor. Table 1 lists
maximum and recommended and limits for selected inorganic constituents; organic
constituents and radionuclides.
It is estimated that over the next 75 years, it will cost between $500 billion and $1
trillion dollars to clean 30,000 to 40,000 contaminated sites (U.S. EPA, 1995; 1996;
1997). Current methods, such as pump and treat, have been unable to restore many sites
to meet regulatory standards. The uniqueness of each sites and the complex chemistry of
individual pollutants limits the effectiveness of such systems. One study examining
pump and treat usage at 77 locations found that suitable standards were achieved at only
10% of sites (NRC, 1997; U.S. EPA, 1995). Regulatory goals were unlikely at an
additional 34 sites with the current in place technology indicating a need for new
innovative technologies.
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Table 1 Maximum and Recommended Limits for Selected Inorganic and Organic
Constituents and Radionuclides (EPA, 2001)
Contaminant MCLG1 MCL2 (mglL) SMCL3
(mg/L)4 (m2!L)
Inorganics
Arsenic none 0.05
Cadmium 0.005 0.005
Chromium 0.1 0.1
Copper 1.3 action level = 1.3* 1.0
Fluoride 4.0 4.0 2.0
Iron -- -- 0.3
Lead zero action level =0.015*
Manganese -- -- 0.05
Mercury 0.002 0.002
Nickel 0.1 0.1
Zinc -- -- 5.0
Organic Chemicals
Benzene zero 0.005
Chlorobenzene 0.1 0.1
Ethylbenzene 0.7 0.7
Toluene 1 1
Trichloroethylene zero 0.005
Xylene 10 10
Radionuclides
Beta particles, photon emitters none 4 (millirems per year)
Gross alpha particle activity none 15 (picocuries per L)
Radium 226 and 228 none 5 (picocuries per L)
I Maximum Contaminant Level Goal (MCLG) - Level below which there is no known risk to health.
2 Maximum Contaminant Level (MCL) - Highest level ofa contaminant allowed in drinking water
3 Secondary Maximum Contaminant Level (SMCL) - provide a threshold for taste and odor
4 Units are in milligrams per Liter (mg/L) unless otherwise noted
* serves as a trigger to reQuire systems to control corrosiveness ofwater
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One such technology, called a permeable reactive barrier, expands on the design
of a typical barrier used to halt the spread of a contaminant plume. Permeable reactive
barriers offer in-situ treatment of the pollutant as the contaminated groundwater is
pushed through the barrier by the natural hydraulic head of the aquifer. Reactive material
contained in the barrier degrades, sorbs, precipitates or removes contaminants such as
metals and radionuclides from the groundwater (PuIs et al., 1999).
Initial indications are that these barrier systems could reduce overall system costs.
High initial start-up costs would be offset by little or no operational costs normally
incurred with a traditional remediation method. However, implementation of innovative
technologies has been limited due to the lack of consistent data and the problems finding
a market for use. When deciding on a method of treatment, focus is usually directed at
sites that pose an immediate risk to human health. In these situations, the innovative
techniques are often preferred due to their ability to contain the contaminant plume. In
addition, the cost for litigation to delay clean up is less than the cost of the initial startup
fee for a potentially ineffective reactive barrier (NRC, 1997).
A method of reducing the large startup costs is to use industrial co-product
materials in the reactive zone of the barrier system. The overabundance ofmaterials such
as paper mill sludge and fly ash should make them available at little or no cost. There is
currently a lack of landfill space for waste products raising interest in the use of industrial
co-product materials in environmental applications.
Fly ash is the unburned residue from the combustion of coal by thermal power
plants and is composed primarily of non-combustible mineral matter and any unburned
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carbon that can be removed by air pollution devices. An estimated 70 million tons of fly
ash are produced annually in the United States representing one of the largest quantities
of waste products. Around 20% of that total is recycled or reused in environmental
applications, while the other 80% is disposed of in landfills (Bowders, et. aI., 1997). Fly
ash is used in construction applications including but not limited to structural fills, road
base, asphalt fillers, mining applications, and Portland cement. In addition, studies have
demonstrated that fly ash can be used to remove trace amounts of heavy metals from
waste streams. (Kamon, 1997; Bowders, et. aI., 1997; Sharp, 1993; Kyper, 1992;
Prashanth, 2000)
The high carbon content gives it the ability to adsorb heavy metals and
agricultural chemicals, a characteristic that makes it favorable for use in landfill liners.
Fly ash poses little risk of being affected by organic and inorganic chemicals offering an
advantage over traditional liner materials. For the same reasons, fly ash may have
success as a fill in barrier applications (Kamon, 1997).
Paper mill sludge (referred to as paper clay from this point onward in the
document) accounts for an additional 12 million tons of waste products produced each
year by the paper industry (Springer, 1986). Fifteen to twenty percent of that total is
reused in management applications. Paper clay is typically comprised of 50% organics
and 50% kaolinite clay. It has a high water content and generally contains organic
material and clay fillers. The high compressibility, high adsorption capacity and ability
to compact it to a low permeability are characteristics that can make it favorable for use
in barrier applications.
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This purpose of this research is to determine the feasibility of utilizing industrial
co-product materials in reactive barriers. The focus is to remove heavy metals from
groundwater using industrial co-product materials (namely paper clay and fly ash) as
reactive barriers. Sequential batch tests were conducted on paper clay and fly ash and
heavy metals to determine the partitioning coefficient. The partitioning coefficient
reveals the magnitude of adsorption, estimates of how much contaminant is sorbed, and
change in adsorption capacity with respect to contaminant concentration. The following
metals were utilized in this study: cadmium, chromium, copper, iron, lead, magnesium,
manganese, and zinc.
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CHAPTER 2
BACKGROUND
2.1 Groundwater Contamination by Heavy Metals
Metals are among the most abundant elements in the crust of earth. In small
quantities, metals are essential nutrients for plant, aquatic and human life. In large
quantities, they can negatively affect health in the form of cancer and other diseases.
Naturally, they leach out of aquifer materials due to mineral weathering and mining
processes. Quantities of metals can even be found in surface and groundwater unaffected
by humans. In the arid regions of the southwest, significant natural deposits produce
levels in excess of groundwater standards. However, in most instances natural deposits
are n<?t a factor in groundwater pollution, man is responsible (Pye, 1983; Salomons, et.
aI.,1995).
Groundwater contamination has occurred for centuries hidden underground and
unrecognized as an immediate problem. The issue of contamination by heavy metals can
trace its roots back to the industrial revolution. The rise of industry throughout the late
19th and the 20th century produced waste far in excess of the amounts, which humans had
the capabilities to handle, resulting in carelessness and poor disposal. In addition, new
chemicals introduced during World War II created complex remediation problems
requiring more time to solve (Pye, 1983; Suthersan, 1997; Freeze and Cherry, 1979).
Metals are used in many industrial processes from metal plating, smelting, mining
or electronic component manufacturing. Poor disposal practices and accidental leaks
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provide these dangerous contaminants with direct seepage paths into groundwater.
Industry and mining waste is commonly deposited into impoundment lagoons that are
improperly lined, unmonitored and located on permeable ground. The huge lagoons
allow for evaporation into the atmosphere where the contaminants can be cycled
throughout the hydrologic cycle and return to the ground in forms such as acid rain (U.S.
EPA, 1995; Salomons, et. al., 1995).
The ease of remediation methods of groundwater contamination is determined by
whether they are point or non-point sources.. Remediation is easiest with a point source,
meaning the point of origin of a leak or spill can be detected and targeted for clean up. A
prime example of this type of source is a contaminant that leaks from storage tanks.
Another example is sewage traveling through complicated designs of sewer lines,
escaping from an eruption in the pipes due to seismic activity, tree roots or poor
construction (U.S. EPA, 1995).
Non-point source contaminants are untraceable and will inevitably show up in the
groundwater system. Examples of non-point sources are pesticides spread over acres of
agricultural land and highway deicing salts placed on miles of roadway. Even routine
activities such as washing engines and rinsing tanks can attribute to pollution. In these
situations, the contaminant will first enter the surface water through urban or agricultural
runoff before eventually migrating or seeping into the subsurface (Pye, 1983; NRC,
1997).
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2.2 Heavy Metal Migration and Transport in the Subsurface
Once a pollutant is released from the contaminant source, it begins a path of
migration through the subsurface. When a heavy metal enters the subsurface, it cannot
move around by free will. Its mobility is affected by the ability of the ions to attach to a
surface by a general mechanism called sorption or the ability to dissolve in the
groundwater measured by the property of solubility. Both sorption capacity and
solubility are affected by factors such as type of soil, pH, the concentration of metal in
the soil and the concentration and type of competing ions (Scherer, et. aI, 2000).
Sorption is a general term describing the three separate mechanisms, adsorption,
absorption and precipitation, by which a metal ion can become affixed to a soil surface.
In adsorption, the preferred mechanism for metal attachment, the ions "stick to" the solid
water interface. Absorption describes the diffusion or partitioning of the ions within the
solid medium. Precipitation implies the formation of a solid of different composition
than the solid medium at the solid-water interface. Unlike adsorption, the precipitate
phase is defined by formation of a three-dimensional structure (Scherer, et. aI, 2000).
Metals tend to adsorb via an electrostatic attraction (opposite charges attract),
and/or surface complexation (hydrolysis, metal complexation, ligand exchange, or
hydrogen bonding) reaction (Scherer, et. aI, 2000). Many cationic metals such as Cd,
Cr(III), Zn and Pb have limited mobility under typical environmental conditions. These
ions are attracted to the negative charge carried by underground clay strata or mineral
surfaces, which strongly sorb the ions keeping them close to the source. The adsorption
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capacity of these soil surfaces is a function of the pH, cation exchange capacity or
organic content of the soils. Anions, on the other hand, are repelled by the negative
charge of the soil surfaces limiting anionic fixation processes. The enhanced mobility of
anionic species, such as Cr(IV) and As is dependent on pH and concentration changes.
Under natural environmental conditions, the anionic form of chromium, Cr(IV), is less
likely to be adsorbed by the soil surface than the cationic form, Cr(III). At a lower pH,
anions are increasingly adsorbed and the mobility of the cationic Cr(IlI) is increased
(Sawyers, et. aI., 1994; Scherer, et. aI, 2000).
Mobility of heavy metal ions is also affected by their tendency to adsorb, not only
to soil surfaces but also to mobile colloidal particles or natural organic matter, which is
transported in the groundwater. These complexes are more toxic than inorganic
compounds and can travel at faster rates than predicted by transport models. This makes
migration patterns difficult to determine and presents challenges in achieving
remediation goals (NRC, 1997).
The second property affecting the movement of heavy metal ions is solubility.
The aqueous solubility of a compound is defined as the maximum amount of a chemical
per unit volume in the aqueous phase when the solution is in equilibrium with the "pure"
compound such as water at a specified temperature and pressure (Sawyer, et. aI., 1994;
Suthersan, 1997). It is the ease with which a metal ion dissolves in the flowing
groundwater. In the near neutral pH of typical groundwater, metals are relatively
insoluble and therefore immobile enough to form significant plumes of contamination.
However, in highly acidic water or leachate streams metals are mobile enough to produce
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an environmental threat. Manipulating the solubility of the metal by raising the pH or
adding excess ions to the solution will form an immobilized mineral precipitate.
Heavy metals can exist simultaneously in different forms with the solubility of
one form varying by several orders of magnitude over the second. An example of this is
chromium, which can be present at contaminated sites in the form of insoluble and
immobile Cr (III) or as the more toxic and mobile Cr (IV). A compound with greater
solubility, such as Cr (IV), poses more of an environmental threat due to the ability to
migrate over a larger distance in less time (Palmer and Wittbrodt, 1991; NRC, 1997).
Metal mobility is limited by site-specific characteristics. In the heterogeneous
subsurface, there are layers composed of coarser soil in which groundwater flows freely,
and zones of low flow such as clay strata, which restrict access to water. If the heavy
metals· are released in a virtually immobile zone dissolution, adsorption will not occur
and the contaminant will become trapped. Also, due to the variety of compounds, its
important to identify which metals are present and under which conditions. Changing
environmental factors can affect the stability of each contaminant and the threat of future
remobilization (Nyer, 1992; NRC, 1997).
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2.3 Current Remediation Methods for Heavy Metals
Current treatment methods for heavy metals must accomplish one of the
following goals: manipulate the mobility to produce a treatable metal content or stabilize
the contaminant plume to prevent further spreading. Heavy metals do not degrade, and
therefore, the use of biological methods to destroy the metals is not feasible.
Mobilization will primarily take place using an active remediation technology, while
stabilization efforts are accomplished with passive remediation technologies. Active
techniques are those that require substantial time and energy to be applied toward
achieving the remediation effort. Passive treatments tend to focus on using natural
sources to accomplish the remediation goal, expending minimal amounts of energy in the
cleanup effort. The application of either type of method is based on the unique nature of
each site. The following sections will briefly describe present and future use of these
techniques at sites contaminated by heavy metals.
2.4 Active Methods-Pump and Treat
Pump and treat systems are the most commonly utilized method on metal
contaminated sites, which exist in every region of the United States. As of 1996 pump
and treat systems were being used at 93% of Superfund sites (U.S. EPA, 1995; 1996;
1997). The system functions by using one or more groundwater wells to extract
contaminated water from the subsurface. Once above ground, the water is treated by an
additional method such as air stripping, adsorption, membranes or bioreactors..
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The effectiveness of pump and treat remediation at sites contaminated by heavy
metals depends on the processes that limit migration into the groundwater. As mentioned
in the previous section, heavy metals can partition into several different phases. Some
heavy metals are easily dissolved into the groundwater system, while others are sorbed to
mobile organic complexes for transport. Other metals precipitate into immobile solids or
are sorbed into the soil matrix. While pump and treat systems can easily extract
groundwater containing the more mobile contaminants, they are unable to remove the
immobilized forms. Addition of chemical enhancements to raise the mobility of one
form may limit the mobility, which makes remediation efforts difficult (Ward et aI.,
1997; Suthersan, 1997).
Metals of low solubility present other challenges to pump and treat remediation.
The slow dissolution and source depletion requires the pump and treat operations to be
implemented for an extended period of time. In addition, large amounts of previously
unpolluted groundwater are cycled through the contaminated region compounding the
problem. These extensive clean-up efforts acquire high maintenance and operational
costs with no guarantees for long-term success. Many sites fail to reach U.S. EPA
drinking water standards and/or see contaminant levels return to pre-treatment levels
after remediation efforts are discontinued (Ward et aI., 1997; Suthersan, 1997).
In an ideal situation, contaminant levels should effectively decline until complete
removal takes place. However, field demonstrations have shown that some heavy metals
will diffuse into the low permeability regions and be absorbed by the soil matrix, which
eliminates the possibility of a complete removal (Schmelling, 1992). Once pumping
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operations have ceased, portions of these pollutants slowly diffuse or desorb back in the
groundwater. Because the mass sorbed is often greater than the mass in solution, the
contaminant concentration may rise above the original level.
2.5 Passive Treatment Methods
Passive techniques promote in-situ treatment or control of the contaminant plume
using little or no external energy source. Examples of passive techniques are soil
solidification, soil flushing and physical or chemical barriers. Solidification or
stabilization involves the addition of chemicals to the soil to immobilize but not destroy
the mass of contaminant. Organic polymers and lime are additives that are injected into
the soil or mixed using mechanical mixers, drilling or auguring techniques. Ensuring
proper in-situ mixing is difficult and makes this technique better suited for small
containment sites (Wong, 1997).
Soil flushing is remediation of the contaminant zone by flushing fresh water or a
water surfactant mixture through the soil matrix. The water picks up contaminants as it
is pushes through the soil and carries them into the groundwater for removal from an
extraction well. The use of surfactants to the flushing solution can increase the solubility
of certain contaminants making the soil flushing more effective. Use of this technique
has been seen in mining processes to recover metals, however it has not seen widespread
use for remediation of sites contaminated by metals (Wong, 1997).
A physical containment barrier is an impermeable wall that is placed in front of
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the moving plume to stop or divert contaminant migration. Passive barriers systems are
often used in conjunction with active systems such as pump and treat. The barriers direct
contaminant flow towards an extraction well for subsurface removal. Containment
barriers are composed of materials such as cement/soil, soil/bentonite, and compacted
clay. They offer a low cost remediation alternative in comparison to many other
remediation efforts (PuIs, 1999; Jefferis, 1992).
2.6 Permeable Reactive Barriers
Permeable Reactive Barriers are a new in-situ technique expanding on the design
of a typical containment barrier. The semi-passive technique uses natural hydraulic
gradients present in an aquifer to drive the contaminant plume through treatment media,
placed in its flow path. As the plume moves through the barrier, the pollutants are
transformed'to a less harmful compound or immobilized within the barrier. A diagram of
a Permeable Reactive Barrier is shown in Figure 1.
The characteristics of each contaminant determine if the reactive material used
with utilize physical, chemical, or biological processes to remove the pollutant.
Biological barriers
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Figure 1 Example of Permeable Reactive Barrier System
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are designed with microorganisms present in the barrier material to promote the natUral
degradation of the pollutant, and therefore, are not effective for heavy metal remediation.
Chemical barriers contain a chemical in the treatment zone that converts a harmful
contaminant into a non-toxic state by causing a reaction to occur. Heavy metal
remediation is accomplished by using physical barriers that immobilize metals by
sorption to the semi-reactive media or precipitation from the dissolved phase (Scherer, et.
a1., 2000; Nyer, 1992)
As previously stated, precipitation involves the transformation of the metal to a
less soluble form followed by immobilization of the resulting precipitate. Sorption is an
abiotic reaction where metal and inorganic nutrients attach to the barrier media by
electrostatic attraction or surface complexation. Surface complexation is the stronger of
the two forces and involves direct contact between the barrier surface and the
contaminant. Success of the barrier media will be directly impacted by the strength of
the adsorbed complexes and long-term stability. Sorption and precipitation processes are·
both reversible processes affected by the capacity of the material to adsorb a specific
contaminant and the geochemistry of the groundwater. Over time accumulation of the
products may require replacement of the barrier media (Rabideau, 1999; Nyer, 1992).
Numerous studies have been conducted on the use ofpermeable reactive barriers
(Eykholt and Sivavec, 1995; Matheson and Tratnyek, 1994; Mitchell and Rummer, 1997;
Oostrom et. a1., 1999; Reeter et. a1., 1998; PuIs et. a1., 1999; Rabideauet a1., 1999).
Between 1994 and 1998 more than 40 PRBs have been installed in North America. A
benefit of using this technology is the ability to conserve water and energy without
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disruption to the surface environment. The lack of external power sources and
operational equipment requiring time and energy should theoretically be cost effective.
However, there is hesitation in implementing this new technology due to the high start-up
costs with questionable short and long-term performance (PuIs, 1999; Nyer, 1992).
Cleanup efforts are not directed at the source of the contaminant therefore, while
groundwater leaving the site is free from pollutants, no effort is made to remove
contaminants present in soil and water present on the site. Over time the reactive
material will deplete requiring replacement to contain the contaminant from migrating off
the site. Seasonal variations, which cause freezing/thawing, wetting/drying, etc., create
weak spots in the reactive media affecting barrier flow rates. Distorted plume shapes
may use up the reactive material faster in one location of the barrier incurring
replacement costs much soon than expected. In addition, the contaminant plume can be
composed of different chemicals affecting ion sorption by the barrier material. The
source at which treatment is aimed may be different than what is actually being treated
by the barrier.
To facilitate replacement of the reactive material, engineers have devised
the funnel and gate technique. The funnel and gate method uses two impermeable barrier
walls to direct flow through a pathway into a permeable reactive wall (Ward et. al., 1997;
Suthersan, 1997; Reeter, 1998; Bowles, et. aL, 1995). The walls can be designed based
on specific site characteristics to offer engineers some control over flow variations,
which affect performance. In addition, the two impermeable walls directing flow
through the reactive barrier will reduce the length of the reactive material. Without the
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impermeable walls, the barrier needs to encompass a larger area to intercept the
contaminant plume making remediation more difficult and uneconomical.
2.7 Chapter Summary
Industry is most responsible for the release of many hazardous pollutants into the
groundwater system. Once released, the mobility of the contaminants affects migration
paths and the treatment methods for remediation. Standard techniques, such as pump and
treat, have long application time and high operational costs. Therefore, the investigation
surrounding the use of permeable reactive barriers and other innovative technology is
warranted~ This new technique may one day provide a low cost alternative to traditional
remediation methods. The success of these barriers will depend primarily on the long-
term sorption capacity of the barrier materials for a particular contaminant. After
identifying the targeted pollutant for clean up the next step is to carefully select the
material for use in the reactive barriers.
20
CHAPTER 3
MATERIALS
3.1 Paper Clay
Paper clay is a byproduct ofpaper making and is generated during the wastewater
treatment process at a rate of over 10.8 billion kg per year by the United States paper
industry alone (Springer, 1986; Gregg, et. a1., 1997). Approximately 70-75% of that total
is disposed of in landfills, while the remaining 25-30% is currently being incinerated or
reused in alternative applications such as impermeable covers for landfills. Limited
landfill space and high disposal prices have prompted numerous studies to be conducted
to find additional uses for paper clay (Stoeffel and Ham, 1979; NCASI, 1984; NCASI,
1985; NCASI, 1989; NCASI, 1990; Swann, 1991; NCASI, 1992a; NCASI, 1992b; Floess
et a1., 1995; Moo-Young and Zimmie, 1996a; 1997a; 1997b; Kraus et a1., 1997; Floess et
a1., 1998 ).
Paper clay is generally composed of organic fibers and tissues (lignin and pulp),
and inorganic clay fillers. Trace components such as resin, starch and pigments used for
strengthening and surface treating can also be found in paper clay. The composition, as
well as the chemical characteristics of the liquid phase, generally varies depending on the
differences in the paper making process combined with the variety of wastewater
treatment options.
The present study utilized and compared paper clay obtained from the Erving
Paper Mill in Erving, Massachusetts and the International Paper Mill of Corinth, New
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York. Erving Paper is a recycling mill. International Paper is an. integrated mill,
grinding fresh timber into ground wood to make paper; Paper clay produced at any
single mill can vary in composition from day to day, so to minimize error all samples
were obtained at the same time and utilized in an "as received" state.
3.1.1 Properties
Paper clay is characterized by high compression, low permeability and high
organic content. As a result of these properties, paper clay may be used in barrier
applications, where traditionally materials such as clays and bentonite slurry are used.
Paper clays are characterized by Atterberg limits (Liquid Limit ranging 120%-300% and
Plastic Limits ranging from 48%-130%) and a lower specific gravity (1.8-2.1) in
comparison to clays (Moo-Young and Zimmie, 1996a, 1997d). Table 2 summarizes the
physical properties of the two paper clays used in this study.
Paper clays have a high water content and can be compacted to very low
permeability values. Compaction testing has been completed on paper clays by
numerous researchers to study the correlation between dry unit weight and molding water
content (Moo-Young and Zimmie, 1996a; Kraus et a1., 1997; Izu et a1., 1998). These
studies have shown that sludge is dry and non-malleable at the optimum density (6.0-9.0
kN/m3) and moisture content (40-60%). Moo-Young and Zimmie (1996) recommended
increasing the water
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Table 2 Summary ofPhysical Properties ofPaper Clay
Property Unit EPC IPC
Water Content, W, % 205.8 195.8
Organic Content, Oc % 40.9 42.9
Specific Gravity, Gs 1.95 1.91
Plastic Limit, PL % 94 110
Liquid Limit, LL % 285 --
Permeability, k em/sec 1*10-7 -1 *10-8 1*10-7 -1 *10-8
Optimum Water Content, W opt % 49
Density; p g/cm3 8.1
Compression Index, Cc -- 1.24 1.4
Angle of Friction, ~ 0 25-37 32
Cohesion, c kN/m2 2.8-9.0 9
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Figure 2 (a) Specific Ranges for Water Content and Dry Density for Paper Sludge
(b) Hydraulic Conductivity and Water Content Relationship for Paper Clay
content to a range of 90-160% for compacting the paper clay in a more workable state.
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(see Figure 2a).
Research has shown the hydraulic conductivity (10-9 to 10-10 m/sec) ofpaper clay
is influenced by factors such as initial water content, effective stress and organic content.
Paper clay compacted at an initial water content that is dry of optimum can achieve a
hydraulic conductivity of less than 10-9 m/sec. As the water content approaches optimum
conditions the hydraulic conductivity will increase (Moo-Young and Zimmie, 1996a;
Kraus et aI., 1997). The correlation between hydraulic conductivity and water content is
shown in Figure 2b.
Effective stress changes are the second factor impacting the hydraulic
conductivity of the paper clay. Increasing the effective stress on the paper clay will
subsequently lower the hydraulic conductivity. (Moo-Young and Zimmie, 1997a; Moo-
Young and Zimmie, 1996a; Kraus et aI., 1997) The opposite can occur when the
effective stress is lowered due to factors such as freeze-thaw. The seasonal variations
have been shown to increase the hydraulic conductivity of the paper clay by one to two
orders of magnitude.
Relationships for the hydraulic conductivity and organic content were also
developed, where the hydraulic conductivity of paper clay decreased as the organic
content decreased. This indicates that paper clay will perform favorably in long-term
environmental applications when compared to soils. The two types of paper clay utilized
in this study both have an organic content of approximately 40% which falls in the range
of (30-70%) encountered by researchers. As a barrier material, the high percentage of
organics would act as a favorable source for heavy metal sorption (Moo-Young and
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Gallagher, 1998; Moo-Young et aI., 2000). This claim is further supported by research
indicating that the heavy metal sorption was higher than for kaolin clay (Moo-Young and
Gallagher, 1997).
The results of toxicity testing on paper clay is vital since their composition, which
contains metals and other hazardous pollutants is often perceived as a deterrent in
comparison to traditional materials. Paper clay has proven to be non-toxic based on
metal leachability tests, and chemical analysis using TCLP (Toxicity Leachate
Characterization Procedure (Izu et aI., 1998)). These results would indicate that based on
toxicity, there is no advantage of using traditional materials over the sludge. Table 3
shows the results from TCLP test on paper clays tested in this study.
3.1.2 Case Histories
Field study results have supported the use ofpaper clay in landfill cover test cells
(NCASI, 1984; NCASI, 1985; NCASI, 1989; NCASI, 1990; NCASI, 1992a; NCASI,
1992b; Maltby and Eppstein, 1994; Kraus et aI., 1997; Moo-Young and Zimmie, 1996a;
1996b; 1997b). Test cells constructed with paper clay were found after five years to
consolidate, have a greater amount of runoff, lower percolation and lower field hydraulic
conductivity than those of clay barriers. A comparison eight years after construction by
Kraus et aI. (1997), determined that the field and laboratory hydraulic
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Table 3 TCLPTest on Paper Clay
Contaminant Unit EPC IPC
pH su@2loC 5.5 4.8
Alkalinity mg/L 760
Aluminum Ilg/l 2,980
Arsenic Ilg/l <50 <1.0
Chromium Ilg/l <50 <50
Copper Ilg/l 20 47
Iron Ilg/l 8400 260
Lead Ilg/l <50 180
Manganese Ilg/l 880 400
Mercury Ilg/l 0.5 <1.0
Nickel Ilg/l <100
Zinc Ilg/l 317 600
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conductivities were similar indicating that biological decomposition did not negatively
influence permeability.
Similar results encountered in a study on six test cells conducted by the Erving
Paper Mill. After five years, layers of paper clay had a lower hydraulic conductivity and
performed better (Le. better hydraulic barrier) than the clay layers. (Moo-Young and
Ziminie 1997a; 1997c)
Paper clay has been used as a hydraulic barrier to cap more than 14 U.S. landfills
Since 1990 (Maltby, 1999; Saarela, 1999) as shown in Table 4. The Hubbardston
Landfill, a 1991 full-scale demonstration project by the Erving Paper Mill used paper
clay as the barrier layer of the municipal landfill. As shown in Figure 3a the hydraulic
conductivity decreased over time based on data obtained from Shelby tube samples from
the landfill cover. The correlation between organic content and permeability is displayed
in Figure 3b. That figure shows that a decrease in organic content corresponded to a
decrease in permeability due to factors such as consolidation and organic decomposition
(Moo-Young, 1999).
3.2 Fly Ash
Fly ash is a mineral by-product produced from the combustion of coal. It is
extracted from the flue gases by electrostatic precipitators or cyclone separators and filter
bags. Currently, an estimated 60-70 million tons are produced each year froin which
70%
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Table 4 Summary of Landfills Using Paper Clay as a Hydraulic Barrier
State Landfill Type Area Barrier Hydraulic
(ha) Thickness Conductivity
(m) (em/sec)
Alabama Industrial 0.762 0.6096 <10-8
Maine Municipal 0.0762 0.762 10-8_10-9
Maine Municipal 0.08128 0.762 10-9
-
Maine Municipal 0.0381 0.762 10-7
Massachusetts Municipal 0.2032 0.762 10-10_10-11
Massachusetts Municipal 0.1905 0.762 10-10_10-11
Massachusetts Municipal 0.4064 0.762 10-10
Massachusetts Municipal 0.0762 0.762 10-1°_10-11
Massachusetts Municipal 0.0762 0.762 10-10_10-11
Massachusetts Municipal 0.4064 0.762 10-10_10-11
Michigan Industrial 0.2286 0.8128 10-9
New Hampshire Municipal 0.0762 0.762 10-10_10-11
New York Municipal 0.3302 1.2192 10-9
New York Municipal 0.3048 0.6096 10-9
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is disposed of in landfills. While ash utilization has risen, the trend today toward power
generation by coal has also increased the production of fly ash, creating an increased
need for applications to handle the ash. Numerous studies have been conducted into the
use ofFAin alternative applications such as landfill caps, liners or engineering fills.
Fly ash is primarily composed of incombustible materials such as silica (Si02),
alumina (AI20 3), ferric oxide (Fe20 3), and calcium oxide (CaO). It is silt sized with a
specific gravity ranging from 1.9-2.5 g/cm3• The FA used in this study was obtained
from Pennsylvania Power and Light Brunner Island plant. Table 5 illustrates typical
properties of fly ash.
3.2.1 Properties
The physical properties of fly ash, which need to be evaluated for their use in
barrier or other applications, include strength properties, permeability and shrinkage.
Perhaps the most important is the classification of fly ash as a pozzolan. A pozzolan is a
siliceous material that possesses little or no ceinentitious value but will, in finely divided
form and in the presence of water, chemically react with calcium hydroxide (lime) to
form a compound that possesses cementitious properties. Class C fly ash, found
primarily on the west coast, is a self-cementitious compound containing lime. The other
group, Class F fly ash, is found on the east coast and is not self-cementitious. The
addition of lime to Class F ash will improve strength characteristics.
The enhanced strength characteristics are one reason why fly ash is used in
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stabilization applications. The addition of fly ash and lime considerably increases the
strength of a solid, such as clay, or sludge. The fly ash decreases the decreases the dry
density and increases the optimum moisture content. Fly ash added to paper clay reduces
Table 5 Typical Properties ofFly Ash
Property Unit Fly Ash
Organic Content, Oc % --
Specific Gravity, Gs 2.34
Permeability, k em/sec 10-5
Optimum Water Content, w opt % 27
Density, p g/cm3 2.34
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the volume and compressibility. This effectively minimizes consolidation of the sludge
over time, a concern when used in environmental applications. In addition, it is cheaper
than the typically used stabilization materials like Portland cement (Sharp, 1993).
Fly ash alone has a high permeability, but with the addition of lime exhibits low
permeability. The cementious compounds form and block the pores of the ash.
Therefore, it does not drastically affect the permeability of sludge or soil. The silt-sized
material is non-plastic with a low shrinkage or swell potential. It may behave like a
plastic material when wet but when dry or saturated it exhibits non-plastic behavior. It
doesn't crack like clay soils or bentonite. The cracking increases the permeability
representing a big drawback of traditionally used. materials that would not be a factor
with the fly ash (Prashanth, 2000; Sharp, 1993).
Furthermore, the composition of the fly ash is another benefit over traditional
materials. Because the fly ash is already composed of metals, there is minimal chemical
interaction affecting the permeability. Solidification materials are typically basic in
nature, but the fly ash is an alkaline material. Most of the toxic elements precipitate in
alkaline conditions and do not migrate unlike in basic conditions where they are more
mobile. Table 6 illustrates the TCLP results for the fly ash used in this study.
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Table 6 TCLP Results for Fly Ash
Contaminant Unit FA
PH 9.25
Electrical Conductivity ~s/cm 494.5
Redox Potential mV 363
Silicon % 53.5
Aluminum % 26.7
Magnesium % 0
Calcium % 2.6
Potassium % 3.8
Iron % 10.5
Titanium % 2.0
Manganese % nd
Sulfur % 1.0
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3.2.2 Case Histories
Numerous studies have been conducted on the utilization of fly ash to stabilize
soils (NAASRA, 1987; EPRl, 1986; Hausmann, 1990; Oyler, 1990; Laumakis et aI.,
1996). The results have indicated that fly ash stabilization can provide advantages in
"poor to marginal" soils, particularly expansive clays. These soils displayed lower
compressibility, higher ground density and strength, lower swell and more workability
(Sharp, 1993; Cokca, 2001). More recent studies have indicated similar benefits using
fly ash to stabilize industrial wastes (Sharp, 1993).
Fly ash has shown promise for use in geotechnical applications such as landfill
liners, caps, roadways or engineering fills. A test pad liner constructed with fly ash
mixtures compacted wet of optimum achieved the required permeability needed for use
in a liner system (Palmer, 2000). In roadways with low traffic volumes, parking lots and
driveways fly ash-asphalt mixtures have been recommended for use, particularly after the
examination of metal concentrations in surrounding soils did not yield an increase
(Churchill, 1999). The self-hardening property of the ash and resulting higher ground
density provide stability against sliding failures and earthquake liquifaction and have
shown success as a lightweight structural fill (Horiuchi,2000).
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3.3 Heavy Metals
The eight heavy metals utilized in this study are cadmium, chromium, copper,
iron, lead, magnesium, manganese, and zinc. The properties of the metal salts utilized
for all experiments are summarized in Table 7.
Cadmium, Cd, is a bluish-white, soft ductile metal found only in combined forms
in nature. The main sources of Cd are sulfide ores of lead, zinc and copper. Cadmium is
recovered as a by-product when these ores are processed (U.S. EPA, 1995). The primary
use ofcadmium is for metal plating and coating, and battery manufacturing.
Chromium, Cr, is a hard, lustrous steel-gray metal. It is found in nature only as
chromium ore containing other elements. Chromite (FeCr20 4) is the primary commercial
source of Cr and is not recovered as a by-product of any other mining operation.
Industrial application of Cr generally use Cr(VI), which does not always readily reduce to
Cr(Ill). The greatest uses of Cr are in metal alloys, plating operations, pigment
manufacturing and wood preserving (Sawyer et aI., 1994).
Copper, Cu, is reddish with a bright metallic luster. It is an extensively mined
and processed metal, which is valued for ductility, strength, and malleability. A good
conductor of heat and electricity, one of the primary uses of Cu is in electrical wiring. It
is also found in pennies, pipes and brass or bronze alloys (Sawyer et aI., 1994; Winter,
2001).
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Table 7 Properties of Heavy Metals
Molecular
Salt Formula Weight Gs Solubility
Cadmium Nitrate Cd(N°3)2·4H20 308.47 2.4 1 g/O.6 cc inH2O
Potassium dichromate K2Cr20 7 294.19 2.67 11.7 g/ 100
ml
Cupric Nitrate Cu(N°3)2·2.5H2
181 38g/100 ml
°
Iron (III) Nitrate Highly
Fe(N°3)2·9H20 403.99
soluble
Lead (II) Nitrate Pb(N03)2 331.2 4.53 0.38g/ml
Magnesium Nitrate Mg(N°3)2·6H2O 256.41 1.34 70 gllOO g
Manganese Chloride MnCI2·4H2O 197.90 2.0 Highly
soluble
Zinc Nitrate Zn(N°3)2·6H2O 297.49 2.07 .Highly
soluble
37
Iron, Fe, is a lustrous, grayish, metallic metal with important magnetic properties.
Pure iron, while abundant in the earth, is not often encountered in commercial use.
Instead, iron is usually alloyed with carbon or other metals. Nearly all iron produced is
used in the steel industry. The presence of iron in water is attributed to the corrosion of
steel and cast iron pipes during water distribution (Sawyer et a1., 1994; Winter, 2001).
Lead, Pb, is a bluish-white, silvery, or gray metal that is highly lustrous but
tarnishes on exposure to air. It is very soft and malleable, has a high density, and low
melting point (U.S. EPA, 1997). The major sources of lead are from mining, ore
processing, ammunition production, ferrous smelting, and acid battery breaking.
Magnesium, Mg, is a fairly tough metal that is silvery-white in color. It is
abundant in the earth but not often found in elemental form. Magnesium tarnishes in the
air and is usually coated with a layer of oxide to protect it from air and water. Primary
uses of magnesium include the production of structural parts, die-cast auto parts,
missiles, precision instruments and batteries (Sawyer et al., 1994; Winter, 2001).
Manganese, Mn, is a reddish-gray or silvery, brittle element. It is one of the more
abundant metals in the crust of the earth and usually occurs together with iron. In the
presence of oxygen, it can react to form insoluble oxides. Magnesium is an important
component of steel. Other sources include manufacturing of dry cell batteries, ceramics,
glass, and dyes (Sawyer et al., 1994; Winter, 2001).
Zinc, Zn, is a bluish-white, lustrous metal that is present naturally in most igneous
rocks and in certain minerals. At moderate temperatures, Zn is brittle but it becomes
flexible as the temperature rises. One of the most widely used metals in the world, Zn
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can be used alone to coat metals or combined with other metals to form brass or copper
alloys. The primary sources of zinc in the environment are from galvanized iron or steel,
and smelting and refining operations (Sawyer et aI., 1994; Winter, 2001).
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CHAPTER 4
EXPERIMENTAL METHODS
4.1 Batch Equilibrium Testing
Batch tests were performed to determine the amount of adsorption of a chemical
(solute) from solution by an adsorbent (paper clay, fly ash). Data generated during
testing was used to construct sorption isotherm curves that show how the amount
absorbed varies with different equilibrium concentration. All batch tests were performed
in the Environmental Studies Center at Lehigh University. The procedure was adapted
from Roy et al. (1992).
The first step was to prepare the stock solutions for each of the eight metals used
in this study. The correct amounts of metal salts were measured out to obtain stock
solution concentrations of 2000 ppm. These salts were placed it a 1000 mL volumetric
flask, which was filled to the 1000 mL mark with distilled deionized water. The flask
was capped and agitated until all the salts dissolved, and the solutions were placed in
plastic bottles before use.
The stock solutions were then dissolved to obtain the range of target
concentrations (0.25 - 200 ppm) for each metal. A calculated amount of the stock
solution was pipetted into a 1000 mL flask to achieve the desired concentration.
Following the same procedure above the flask was filled to the mark, capped and agitated
to insure the solution was properly mixed.
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Next, the appropriate mass of each adsorbent (fly ash, Erving Paper Clay and
International Paper Clay herein referred to as FA, EPC and IPC, respectively) was
measured in 10 and 20 gram samples into labeled 120 mL high-density polyethylene
bottles (HDPE). According to Roy, et. al. (1992), the adsorbent solution ratios are
determined in an oven mass. However, because this study was performed on paper clay
adaptations were made to the procedure. Paper clays have high water content and behave
differently when dry. In any field applications it would be utilized in a wet state,
therefore it was important for laboratory testing to occur on the paper clay in its as
received state. Two different standard adsorbent solution ratios (l:10 and 1:5) were used
for comparison purposes.
One hundred milliliters of each metal concentration was pipetted into the HDPE
bottles containing the sorbate. Two replicates of each sample were created to check the
agreement between results. These results were averaged and experimental error was
discarded. In addition, a "blank sample" containing only solution and no adsorbent was
measured for each target concentration. The concentration of that solution was
determined in the end to account for adsorption that occurred from the plastic bottles.
All samples were sealed and placed in an end over end, rotary tumbler. They
were agitated in the batch machine until they reached an equilibrium state. The
equilibrium state is defined as the point where there is a concentration change of less than
5% over a 24-hour increment. It was previously determined experimentally to be 72
hours by testing additional sample concentrations at various time periods. Sample
concentrations were generally analyzed between 12 and 90 hours after the start of testing.
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After 72 hours all samples were removed from the testing apparatus.
After removal the pH and electrical conductivity (EC) of each sample was tested.
The Ee measurement gives an indication of ionic strength of adsorption. The influence
of ionic strength and pH and the adsorbent-solute systems can be used to determine
potential heavy metal sorption of the system. For example, adsorption of inorganic
cations has been found to increase corresponding to increases in pH (Sawyer et al.,
1994).
Finally, the sorbent and solution were separated to prepare the samples for
analysis. The fly ash samples were filtered through 40-50 urn filter paper using a
vacuum pump to remove all particles that would affect analysis. They were then poured
into 40 mL glass vials and refrigerated until analysis. The paper clay samples were not
filtered, because they easily clogged the filter paper or required an extended time period
to filter. Larger particles were allowed to settle into the HDPE bottles, and the solution
on top was transferred to glass vials for centrifuging. Liquid samples were centrifuged
for approximately 2 hours to remove any other large particles before transferring· the
solution to glass vials for storage. The primary goal of this technique was to reduce the
influence of colloids when testing for the contaminant concentration.
4.2 Chemical Analysis Methods
Chemical concentration analysis for six of the eight metals (cadmium, copper,
lead, magnesium, manganese and zinc) was performed on the Perkin-Elmer AAnalyst
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100 according to procedures established in the Perkin-Elmer manual. Analysis on the
iron and chromium was performed on the Spectrophotometer.
4.2.1 Perkin-Elmer AAnalyst 100
A small vacuum tube sucks up a portion of the sample and passes it through a
flame. The function of the flame is to convert the sample aerosol into atomic vapor,
which can absorb light from the primary light source. In this case, a hollow cathode
lamp set to a specific wavelength for each element is used as the light source. The
atomic absorption spectrophotometer measures the amount of light absorbed by the vapor
and converts it internally into a determination of the sample concentration using Beer's
Law. Beer's Law states that concentration is proportional to absorbance (C =kA, where
C =concentration, A =adsorption and k =constant).
The machine is calibrated using standards of each metal to establish the
relationship between concentration and absorbance. As shown in Figure 4 at lower
concentrations the relationship is linear and only requires one standard of concentration
near the limit of the linear range. For most elements at higher concentrations, the
relationship deviates from Beer's Law and is not linear. Once the concentration reaches
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the limit of the linear range, the relationship deviates from Beer's Law. Calibration in
this range requires multiple standards to eliminate error from effects of stray light, line
broadening, and non-homogeneities of temperature. Due to the poor analytic precision of
the results all samples were diluted into the linear range.
A characteristic concentration was also prepared by diluting the stock solution for
each metal. The characteristic concentration of an element is required to produce a signal
of 1.0% absorption. It is used as a check to set the point at which no background
adsorption is occurring because of the machine, which would affect the results. By
zeroing the AA and then adjusting the burner position, nebulizer and gas flow rates, the
machine can be positioned so that the only absorption occurring is from the sample.
To minimize other errors, all input data is based on recommended values from
past researchers or the Perkin-Elmer manual. Whenever possible the suggested values
for the wavelength, slit height, read delay and other input parameters were used. Once all
data is input and the machine calibrated, the researcher can proceed with reading all
samples.
4.2.2 Spectrophotometer
A spectrophotometer uses a glass prism or a diffraction grating to produce
monochromatic light. The light, which can be of any wavelength in the visible spectrum,
is passed through a typical colored solution in a cell and the subsequent observed light
transmission is converted to a concentration reading. Calibrating the machine according
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to the targeted chemical can predetermine wavelength selection. Unlike the AAnalyst,
the spectrophotometer does not require calibration before every use. In some cases, the
calibration curve can serve for years. If calibration is required, it is done by preparing a
series of standards, which are analyzed in a similar manner to the sample tests. These
standards establish the calibration curve.
For testing of the iron and chromium all recommended wavelengths were used.
Dilution of samples was required and carried out as described above before analysis.
Calibration was not required based on preliminary analysis of known concentration
solutions (Sawyer, et. aI., 1994).
4.3 Sorption Modeling
From batch testing and subsequent chemical analysis the initial (Co) and
equilibrium concentration (Ceq) of the solution can be determined. These values are used
to calculate the sorption capacity of the sorbent by utilizing the following equation:
(Co - Ceq) *(V - 'fp)
S = -------'-~
m
(1)
where S
Co
Ceq
V
M
P
=
=
=
=
=
=
sorption capacity of the solid for the solute (mg/g)
initial contaminant concentration (mg/L)
equilibrium contaminant concentration (mglL)
total volume of the batch reactor (L)
mass of sorbent in reactor (g)
density of the sorbent (gIL)
A sorption isotherm is then obtained by plotting sorption capacity of the sorbent versus
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the equilibrium concentration of· the contaminant. The two commonly used models
applied to fit experimental data produced during batch testing are the Linear sorption
isotherm, and the Freundlich sorption isotherm as shown below:
Linear sorption isotherm
S=K*Ceq
Freundlich equation
S -K*ClIn
- f
where:
S = Sorption capacity of the solid for the solvent (mg/g)
K =Linear isotherm coefficient empirically determined (L/g)
Ceq = Equilibrium contaminant concentration in solution (mg/L)
Kf =Freundlich equilibrium isotherm empirical constant «L
Jlnmg(J-lIn)/g)
n = empirical constant (dimensionless).
(2)
(3)
Empirical constants are determined by from the linearizing the above equations.
The least squares regression. is used to determine which isotherm best fits the
experimental data. Conversion of the above Freundlich equation results in the linearized
form, below:
log(S) = log Kf + (l/n)log (CeJ (4)
where all variables have been previously defined. The variables, Kr and n used in the
equation were initially though to be purely empirical constants. Current beliefs are that
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Kf is related to the capacity or affinity of the adsorbent while 1/n is an itidicator of the
intensity of adsorption.
Three pieces of useful information can be provided by the sorption isotherms (Roy et aI.,
1992):
• The sorption magnitude of each individual contaminant,
• An estimate of the equilibrium capacity of the sorbent, to provide a preliminary guess
of the quantity of sorbent required to remediate a given water volume and
contaminant concentration, and
• The sorptive capacity changes relative to contaminant concentration.
To measure of how closely the regression line fits the data a coefficient of
determination is computed from the following equation:
r =L.iYi~vgt
I (Yi - Yavg)2
where:
r = coefficient of determination
Yi' =value of the dependent variable predicted by the regression model
Yi =actual value measured during experimentation
Yavg = the average of all Yi values.
The coefficient of determination will always yield a value between 0 and 1. As r
approaches 1 the experimental data points will plot closerto the isotherm.
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CHAPTERS
RESULTS AND DISCUSSION
5.1 Batch Test Results
The results of batch testing and subsequent chemical analysis provided data used
to determine the equilibrium concentration of the solution, Ceq, and the mass of
contaminant sorbed per mass of sorbent, S. All data obtained from testing is included in
Appendix A. For each of the eight metals the results were used to obtain sorption
isotherm curves, which demonstrate how the extent of adsorption varies according to
solute concentration for the fly ash, Erving paper clay and International paper clay.
5.2 Batch Test Results for Erving Paper Clay
Erving Paper Clay samples were fit to the Linear and Freundlich isotherms. The
coefficient of determination and partitioning coefficient for each model are included in
Table 8. Linear sorption isotherms for all metals are included in Figures 5 and 6, while
the Freundlich curves are in Figures 7 and 8. The equilibrium concentration and
corresponding change in pH and electrical conductivity are displayed in Figure 9.
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5.2.1 Cadmium
Figure 5a and 7a show the linear and Freundlich isothenns for cadmium,
respectively. The EPC appeared to have the most affinity toward the sorption of the
Cadmium ions. With the exception of the 200 ppm samples, all resulting equilibrium
concentrations fell within the linear range of 2 mg/L (Figure 5a). When the 200 ppm
samples were added to the graphs the Cadmium fit to a Freundlich curve (Figure 7a),
although it is difficult to detennine the accuracy of this fit given the lack of data outside
the linear range. Cadmium resulted in the highest values of each of the partitioning
. coefficients further indicated the sorption potential of the cadmium at this range.
5.2.2 Chromium
Figure 5b and 7b show the linear and Freundlich isothenns for chromium,
respectively. The final equilbrium concentrations for data in the lower range were
approximately 1 ppm. At higher equilbrium concentrations the data appeared to be more
scattered and fit the Freundlich curve.
5.2.3 Copper
Figure 5c shows the linear isothenn for copper, and figure 7c shows the
Freundlich isothenn. The EPC samples of copper fit best to a linear isothenn curve
(Figure 5c). Initially, it appeared that the EPC sorbed all lower concentrations of the
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metal, indicating an affinity of the paper clay for the copper. For initial concentrations
above 50 ppm the data began to deviate from the limits of the linear range and tum
towards a Freundlich isotherm curve (Figure 7c). The 10 and 20 gram curves appeared to
separate from each other. This could indicate that the sorptive capacity of the material is
reaching its limit which makes it more difficult to predict.
5.2.4 Iron
Figure 5d shows the iron linear isotherms. The negative mass sorbed per sorbent
values resulting from iron analysis indicate that some of the metal ions are actually
desorbing from the paper clay and being added into the solution. An attempt to plot a
linear isotherm of the iron produced a coefficient of determination of almost zero. It was
not possible to produce of Freundlich isotherm for the EPC-iron samples. The
concentration of iron in the paper clay is likely to be greater than the initial solution
concentrations. The 200 ppm samples did result in positive values of mass sorbed per
sorbent, indicating that sorption is occurring. The increase in pH show in Figure 9a
indicates that the iron is reducing. Because total iron was measured, and not Fe+2 or
Fe+3 further testing would be required to determine the extent of the reduction reaction.
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5.2.5 Lead
Figures 6a and 8a show the lead linear and Freundlich isotherms, respectively.
The lead exhibited a better fit to the Freundlich isotherm curve over the linear isotherm.
An interesting phenomenon occurred with lower concentrations of the lead, which did
not occur with any other metal. The beginning portion of the isotherm curve did not
follow the typical linear or Freundlich isotherm but followed an S-shape curves. S-shape
curves are usually indicative of the fact that the adsorbate-adsorbate interaction is
stronger than the adsorbate-adsorbent interaction. The adsorbate molecules at the surface
bond more strongly with one another and "cluster" at the surface.
5.2.6·Magnesium
Figure 6 band 8b shows the magnesium linear and Fruendlich isotherms. The
EPC samples of the Magnesium yielded negative sorbate/sorbent ratios. This indicated
that initially the contaminant was being leached into the solution from the paper clay.
However, at one point the curve does tum and fits to a linear isotherm indicating that
adsorption is now taking place. This can be explained by LeChatlier's Principle, which is
based on the theory that metals migrate from high to low concentrations to put the system
into equilibrium. An increase in the concentration of solution on one side will favor a
reaction that will decrease the concentration of that side.
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In this case, at lower concentrations the amount of magnesium present in the
paper clay is higher than that in the solution. Therefore, the Mg ions move from the
highly concentrated paper clay towards the lower concentration solution. At the turnlng
point of the curve the trend reverses itself and gives an indication of the amount of
magnesium present in the paper clay. The initial concentration of the solution is higher
than that of· the paper clay and therefore, the ions are beginning to move from the
solution to the paper clay.
5.2.7 Manganese
Figure 6c and 8c show manganese linear and Freundlich isotherms. The
Manganese resulted in a good fit to both the Linear and Freundlich isotherm curves. At
the limits of this data sorption was still taking place. However, the EPC does not appear
to have the same affinity for the Manganese that it did for the Cadmium and Copper.
Manganese yielded the highest equilibrium concentrations of any metal and produced the
lowest obtainable values for the partitioning coefficients.
5.2.8 Zinc
Figure 6c and 8c show zinc linear and Freundlich isotherms. All data with initial
concentrations of 100 ppm and below from tests on the EPC plotted in the linear range.
The 200 ppm samples appeared to curve away and may be fit better using another
isotherm. However, with no other points in that range it cannot be determined if it would
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fit to the Freundlich isotherm. There was a deviation betWeen the 10 and 20 gram curves
at this range.
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Table 8 Linear and Freundlich Isothenn Parameters
Linear Freundlich
Contaminant Partitioning r 2 Isotherm N r 2
Coefficient Coefficient
Cadmium 511.4 0.863 462.4 1.81 0.926
Chromium 8.6 0.627 153.1 2.76 0.693
Copper 196.9 0.944 342.4 2.19 0.758
Iron -1.9 0.013 -- -- --
Lead 474.4 0.689 264.2 0.62 0.887
Magnesium -1.4 0.580 -181.7 1.41 0.369
Manganese 6.1 0.928 17.4 1.30 0.950
Zinc 65.8 0.851 128.6 1.62 0.796
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5.3 Batch Test Results for International Paper Clay
The results of batch tests on International Paper Clay were fit to isothenn curves
to obtain the coefficient of detennination and partitioning coefficient. These results are
included in Table 9. The graphs of the Linear sorption isothenns are displayed in Figures
10 and 11. The Freundlich isothenn curves are shown in Figures 12 and 13. Graphs of
the relationship between equilibrium concentration and change in pH and electrical
conductivity are displayed in Figure 14.
5.3.1 Cadmium
Figure lOa and 12a show the linear and Freundlich isothenns for cadmium. The
IPC had the greatest affinity for the Cadmium ions. The highest values for the
partitioning coefficients were obtained in analyzing the cadmium. Initially, the IPC
removed all the metal ions of concentrations of 50 ppm and below. At this range the data
followed a linear isothenn curve, the limit of which was around 1 mg/L. At the 100 and
200 ppm concentrations, the sorption phenomena follows the Freundlich isothenn.
5.3.2 Chromium
Figure lOb and 12b show the chromium linear and Freundlich isothenns. Initially
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the IPC appeared to remove some of the chromium with resulting final equilbrium
concentration of approximately 0.6 ppm. That trend did not continue with many of the
higher data points. As a result the chromium was best fit to a Freundlich isotherm.
5.3.3 Copper
Figure lOc and 12c show the copper linear and Freundlich isotherms. The IPC
initially removed all copper ions from solution as is seen by the cluster of data points on
the linear isotherm curve that fall below an equilibrium concentration of 0.01 mg/L. This
clustering of data resulted in a very low value for the coefficient of determination, and
made it very difficult to determine which isotherm fit the data. At a concentration 100
mg/L the curve did appear to tum, however there was not sufficient data to determine if it
fit the Freundlich isotherm.
5.3.4 Iron
Figure 10d shows the iron linear isotherm. The IPC did not show a high potential
for iron sorption based on the resulting isotherm curves. Batch tests produced·negative
values of the mass sorbed per kilogram of sorbent for concentrations below 50 ppm. This
indicates that iron was being removed from the paper clay and added to the solution.
This trend was not evident in the initial concentrations of 50 ppm and above They had
positive values for the mass sorbed/sorbent ratio indicating that at least limited sorption
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is occurring. The iron did not fit well to the linear isotherm curve and the Freundlich
isotherm curve could not be obtained.
5.3.5 Lead
Figure lla and 13a show the lead linear and Freundlich isotherms. The 10 grams
samples of the IPS sorbed all metal ions from the solution. Interestingly, the IPS only
removed metals of concentrations below 5 ppm for the 20 grams samples. This would
indicate that despite the additional sorption sites on a 20 gram sample that the 10 gram
with its limited number of sites is actually more effective. One possible explanation
would be that the IPC contains a small concentration of lead. Despite, the discrepancy
between the 10 and 20 gram samples there is an obvious potential for the IPC to sorb the
lead. The Freundlich isotherm fit the data well with a high coefficient of determination.
5.3.6 Magnesium
Figure 11band 13b show the linear and Freundlich isotherms for magnesium.
The sorption behavior of the Magnesium by the IPC was similar to that of the EPC. As
explained previously according to LeChatlier's Principle, the paper clay is initially
leaching the contaminant into solution until sorption begins to take place at one point.
This is due to the concentration of Magnesium in the sludge. In Figure 11b, the 20-gram
curve produces sorbate/sorbent ratios that are lower than the 10-gram curve. Neither fits
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at the start to the linear isotherm. The 20 gram material contains more Magnesium than
the 10 gram sample resulting in lower sorbate/sorbent ratios. When sorption begins to
occur the slope of the linear isotherm curve is similar producing a similar value of Kd•
The average value of the linear partitioning coefficient is included in Table 9.
5.3.7 Manganese
Figure lIe and Bc show the linear and Freundlich isotherms for manganese. The
Manganese fit well to both the linear and Freundlich isotherms. At the end of testing it
was indeterminate if the limits of the linear range had been reached. Especially, since the
values of the coefficient of determination of both isotherms were very close. Another
data point outside the range tested could affect the fit of either isotherm. The sorption of
the Manganese seems to be more limited when compared with the other metals.
5.3.8 Zinc
Figure lId and 13d show the linear and Freundlich isotherms for zinc. The IPC
removed all zinc from the solutions with initial concentrations below 200 ppm. The 200
ppm samples when plotted with the other data fit a Freundlich isotherm. Zinc appeared
to quickly reach the limits of the linear range at a n equilibrium concentration of 0.2
mg/L.
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Table 9 Linear and Freundlich Isotherm Parameters for IPC
Linear
Freundlich
Contaminan Partitionin
r 2 Isotherm N r 2
t g
Coefficient
Coefficient
Cadmium 7110.3 0.831 571.6 2.72 0.917
Chromium 29.9 0.340 283.8 3.45 0.485
Copper 380.8 0.207 298.6 1.98 0.687
Iron 1.7 0.088 -- -- --
Lead 500.2 0.929 375.4 0.53 0.984
Magnesium 0.861 0.973 -52.8 4.96 0.134
Manganese 2.3 0.867 5.8 1.24 0.879
Zinc 265.8 0.695 128.6 1.62 0.901
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5.4 Batch Test Results for Fly Ash
Linear isotherms obtained from batch tests performed on the fly ash are shown in
Figures 15 and 16. Freundlich isotherm curves are shown in Figures 17 and 18. The
coefficient of determination and partitioning coefficient for each model are included in
Table 10. The relationship between equilibrium concentration and corresponding
change in pH and electrical conductivity are displayed in Figure 19.
5.4.1 Cadmium
Figure 15a and 17a show the linear and Freundlich isotherms for cadmium. For
the FA samples, the Cadmium was best fit to the Freundlich isotherm. It quickly reached
the limits of the linear range at a concentration of 0.12 mg/L. The 200 mgIL samples
deviated from the linear range. The clustering of data points around 0.12 mgIL shows
that most Cadmium is being removed indicating that the FA does have sorption potential
for this metal.
5.4.2 Chromium
Figure 15b and 17b show the linear and Freundlich isotherms for chromium. The
Chromium samples fit best to the Freundlich isotherm curve. Unlike other metals tested
the FA did not initially remove the lower concentrations from solution. Removal
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appeared to be more effective at higher concentrations.
5.4.3 Copper
Figure 15c and 17c show the linear and Freundlich isotherms for copper. All of
the copper was sorbed by the fly ash. There was no way to fit an isotherm curve to the
data or determine the value of a partitioning coefficient because the metal was
completely removed from solution and all final equilibrium concentrations were equal to
O.
5.4.4 Iron
Figure 15d and 17d show the linear and Freundlich isotherms for iron. The iron
in concentrations below 50 ppm was completely removed from solution. Past this range
it quickly reached a limiting value and fit best to the Linear Isotherm Curve. Based on
.the value of Ku, it appears that the sorption potential of the iron is limited when compared
with other metals.
5.4.5 Lead
Figure 16a and 18a show the linear and Freundlich isotherms for lead. As with
the EPC samples, the lead initially did not appear to .fit the typical linear or Freundlich
isotherm and took the shape of an S-shape curve. S-curves indicate a strong absorbate-
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absorbate interaction. This could help explain why the r value for both isotherm curves
was lower than 0.7 indicating a poor fit. Despite this the fly ash did remove much of the
lead from solution. The resulting equilibrium concentration for all samples was less than
0.7 mg/L with a~ value that was higher than both the iron and magnesium
5.4.6 Magnesium
Figure 16b and l8b show the linear and Freundlich isotherms for magnesium.
The Magnesium data was best fit with a Freundlich isotherm curve. Magnesium ions
were completely up to a limiting value. The fly ash appears to have a limited sorption
potential for the Magnesium.
5.4.7 Manganese
Figure 16c and l8c show the linear and Freundlich isotherms for manganese. The
fly ash had an affinity for the manganese. With the exception of the 200ppm sample of
10 grams of FA, all the other concentrations of metal were removed from the solution.
The 10 gram, 200 sample appeared to just have exausted the capacity of the sorbent. The
200 gram samples did not fit a Freundlich curve, but it is possible that another isotherm
might fit that data.
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5.4.8 Zinc
Figure 16d shows the relationship between final equilibrium concentration and
mass sorbed per kilogram of sorbent for zinc. The final equilibrium concentration was
equal to 0 indicating that the FA removed all the zinc ions from solution. Therefore, as
with copper, it was. not possible to construct isotherm curves for the Linear and
Freundlich isotherms for the limits of this data.
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Table 10 Linear and Freundlich Isotherm Parameters
Linear
Freundlich
Contaminan Partitionin
r 2 Isotherm N r 2
t g
Coefficient
Coefficient
Cadmium 6580.7 0.765 2802.7 1.24 0.848
Chromium 0.472 0.873 0.0047 0.515 0.937
Copper -- -- -- -- --
Iron 194.9 0.822 366.3 3.28 0.656
Lead 1778.7 0.690 3878.7 0.28 0.492
Magnesium 2.5 0.810 21.8 1.73 0.873
Manganese 2175.4 0.502 5.5 0.62 0.402
Zinc -- -- -- -- --
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CHAPTER 6
CONCLUSION
This purpose of this research was to evaluate the use of industrial co-product
materials in reactive permeable barriers for the removal of heavy metals (copper,
chromium, cadmium, lead, iron, magnesium, manganese, and zinc) from groundwater.
Batch tests conducted on paper clay and fly ash produced isotherm curves that evaluated
the adsorption capacity of the hazardous waste materials.
The results indicated that overall the fly ash initially had a higher sorption
capacity than either the International Paper Clay or the Erving Paper Clay. The FA
~
completely removed the Copper, Zinc and most of the Cadmium and Manganese from
the solution at concentrations ranging from 0.25 to 200 ppm. However, due to the lack of
data outside the linear range it is difficult to predict the limitations of the sorptive
capacity of any of the sorbent materials. The paper clay did appear to have an affinity for
copper and cadmium. It also showed potential sorptive capacity for Lead. Paper clay
showed no affinity to sorb iron or magnesium, perhaps due to the concentrations of these
metals in the sorbent materials, which initially exceeded the solution concentrations.
This trend may eventually reverse itself.
Many of the results were initially in the linear -range indicating a high affinity
between the adsorbate and adsorbent. Outside this range several of the isotherm curves
began to tum to the right and fit a Freundlich isotherm. This would indicate a decreasing
adsorption rate that backs up the theory that the adsorption preference for trace metal
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cations diminishes with increasing adsorption level on soil organic matter as the
adsorption sites are filled. The adsorption reaction takes place faster than the desorption
reaction. The commonly observed "nonreversibility" in metal adsorption maybe the
result of the long time period that would be required for desorption to be complete.
The fit of the data to the isotherm curves was further affected by the discrepancy
between the results of the 10 and 20 gram ·samples, especially at higher concentrations.
When the curves deviated from one another they produced different values of~ of an
individual sorbent material for a given metal. In that situation, ~ was taken based on all
data as an "average" of both curves. The error may be due to alterations in the batch
testing procedure to test co-product materials. Based on the data obtained, there was no
way to determine if the pore water interacts with the bulk water. This could have been a
factor in the results but it was not included in the calculations.
It was also assumed in the calculations that everything removed was attributed to
sorption (i.e. the change in concentration went into the paper clay and fly ash as a
sorption process). In reality, there is no way of knowing if this assumption is correct.
Many other factors may be responsible for removing some of the metals from the
solution. There was a likelihood of biological or chemical interaction. Many of the
paper clay samples began to tum color after batching while in their equilibrium state.
This would indicate that some type of reaction is occurring. Several turned orange in
color, while some of the iron samples turned black. The black would indicate areduction
reaction had taken place due to a biological component. This again, was not a factor
included in the calculation of the total mass sorbed.
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Another factor not included in this analysis were the measurements of pH and
electrical conductivity. A complete analysis of these results is out of the scope of this
research but can be further analyzed in the future as a determination of the preference of
one metal over another on organic matter. For example, the resulting affinity for copper
of the paper clay and fly ash could have been based on electrical conductivity
measurements. Metals such as copper, which had higher electronegativities tend be more
successful because they draw electrons to them with the greatest amount of energy.
Overall, this research indicates the potential to use industrial co-product materials
like paper clay and fly ash in reactive barriers. Careful attention should be focused on
the metal targeted for remediation and the limitations of the material to remove that
contaminant. Future research should also be conducted to determine other factors, such
as biological interactions, that can affect sorption capacity.
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